A hallmark of Alzheimer's disease (AD) is the aggregation of β-amyloid peptides (Aβ) into amyloid plaques in patient brain. Cleavage of amyloid precursor protein (APP) by the intramembrane protease γ-secretase produces Aβ of varying lengths, of which longer peptides such as Aβ42 are thought to be more harmful. Increased ratios of longer Aβs over shorter ones, exemplified by the ratio of Aβ42 over Aβ40, may lead to formation of amyloid plaques and consequent development of AD. In this study, we analyzed 138 reported mutations in human presenilin-1 (PS1) by individually reconstituting the mutant PS1 proteins into anterior-pharynx-defective protein 1 (APH-1)aL-containing γ-secretases and examining their abilities to produce Aβ42 and Aβ40 in vitro. About 90% of these mutations lead to reduced production of Aβ42 and Aβ40. Notably, 10% of these mutations result in decreased Aβ42/Aβ40 ratios. There is no statistically significant correlation between the Aβ42/Aβ40 ratio produced by a γ-secretase variant containing a specific PS1 mutation and the mean age at onset of patients from whom the mutation was isolated.
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Alzheimer's disease | γ-secretase | Aβ peptides | cleavage activity | amyloid hypothesis T he first case of Alzheimer's disease (AD) was reported more than 100 y ago, and the brain of the deceased patient contained characteristic senile plaques (1) . These plaques were found to be amyloid in nature by electron microscopy (2) , and analysis of amino acid sequence revealed the amyloid to be derived from amyloid precursor protein (APP) (3) . APP is first cleaved by β-secretase to produce a 99-residue transmembrane fragment C99, which then undergoes additional cleavages by γ-secretase to generate a series of amyloidogenic β-amyloid peptides (Aβ) with 39-43 amino acids (4, 5) . The slightly longer Aβ peptides, particularly Aβ42 and Aβ43, are thought to be more prone to aggregation than the shorter ones such as Aβ40 (6) (7) (8) . Indeed, the amyloid plaques contain mostly longer Aβ peptides such as Aβ42 (9) .
Familial cases of AD were found to be genetically linked to missense mutations in APP (10, 11) . These observations, together with prior knowledge on amyloid plaques, prompted proposition of the amyloid hypothesis, which regards the formation of β-amyloid plaques as the cause of AD through apoptosis induction of neuronal cells (12) . Consistent with this hypothesis, Aβ42 was found to induce cell death (13, 14) . Human presenilin-1 (PS1) was cloned and found to be targeted by missense mutations in early-onset familial AD (EOFAD) (15) . Remarkably, these EOFAD-linked PS1 mutants led to elevated molar ratios of Aβ42 over Aβ40 both in cell lines and in the brains of transgenic animals (16) , and the plasma levels of Aβ42 and Aβ43 in FAD patients with PS1 or APP mutations were significantly increased compared with those of healthy individuals (17) . These observations led to refinement of the amyloid hypothesis, which identifies increased ratios of longer Aβ peptides over shorter ones as a key early event in AD development (18) . The increased molar ratio of Aβ42 over Aβ40 is widely used as a surrogate indicator for the pathogenic effect of presenilin and APP mutations.
Deficiency of PS1 in neuronal cultures caused a fivefold drop in Aβ production (19) . Two transmembrane aspartate residues in PS1 were found to be essential for the endoproteolytic maturation of PS1 and the cleavage of C99, linking PS1 to γ-secretase (20) . The γ-secretase activity was copurified with a PS1-containing complex (21) ; photoactivated inhibitors of γ-secretase specifically labeled the active site of PS1, identifying PS1 as a component of γ-secretase (22) . The other three components of γ-secretase-presenilin enhancer protein 2 (PEN-2), anterior-pharynx-defective protein 1 (APH-1), and Nicastrin (NCT)-were subsequently identified (23, 24) . Because formation of amyloid plaques is a hallmark of AD, γ-secretase is naturally linked to AD. Specifically, the increased molar ratio of Aβ42 over Aβ40 as a potential causal factor of AD is attributed to altered proteolytic activity of γ-secretase.
Despite its popularity, the amyloid hypothesis is yet to be experimentally proven and is challenged by unexplained observations (25, 26) . Because PS1 is required for Aβ generation, it was initially suggested that AD-derived mutations might reflect a gain of function (19) . However, FAD-derived mutations appeared to decrease γ-secretase activity in vitro and in cells (27) (28) (29) (30) (31) . Enzymatic inhibition of γ-secretase in the clinic failed to alleviate the symptoms of AD patients (32) . Thus, the overall protease activity of γ-secretase is no longer considered a causal factor for AD. The altered ratio of Aβ peptides, most frequently referred to as the increased ratios of Aβ42 or Aβ43 over Aβ40, is thought to induce formation of the β-amyloid plaque and consequently lead to AD.
Significance
Alzheimer's disease (AD) is the most common form of dementia, but the cause of AD remains poorly understood. Using highly purified recombinant γ-secretase, we examined the effect of 138 AD-derived presenilin-1 (PS1) mutations on the production of β-amyloid peptides (Aβ42 and Aβ40). These 138 mutations cover virtually all AD-targeted amino acids in PS1. Our results reveal no significant correlation between the Aβ42/Aβ40 ratio produced by a γ-secretase variant with a specific PS1 mutation and the mean age at onset of patients carrying this mutation. The comprehensive characterization of pathogenic PS1 mutations serves as a valuable resource for the analysis of γ-secretase activities and AD pathogenesis.
Unfortunately, the appearance and amount of β-amyloid plaques correlate poorly with the development and severity of AD, and normal individuals may contain β-amyloid plaques in the brain (33, 34) . PS1 mutations have also been found in frontotemporal dementia, which exhibits the same functional defect but lacks amyloid pathology (35) (36) (37) . Finally, if γ-secretase activity underlies AD genesis, one would expect to find disease mutations in the other three components of γ-secretase which presumably modulate its protease activity. No AD-associated mutation has been reported in PEN-2, APH-1, or NCT.
In contrast to the amyloid hypothesis, the presenilin hypothesis posits that the loss of normal function by the mutant PS1 causes AD through dominant negative effect on the wild-type allele (38, 39) . This hypothesis provides a satisfactory explanation to the puzzling observation that AD-derived mutations are exclusively missense in nature but not nonsense or frameshift. It also potentially explains why heterozygous mouse with one mutant PSEN1 allele, but not PSEN1 +/− mouse with one allele deleted, develops memory impairment and neurodegeneration (40) . At present, whether AD is caused by loss of function in presenilin (the presenilin hypothesis) or qualitative changes in Aβ production (the amyloid hypothesis) remains controversial (27, 38) .
Another important indicator of AD development is the mean age at onset (AAO) for patients with a shared mutation in PS1, PS2, or APP. A more deleterious mutation is likely to be reflected by a lower AAO. Analysis of small subsets of AD-derived mutations supported a strong correlation: the higher the Aβ42/Aβ40 ratio, the lower the AAO (41, 42) . In contrast, a different set of PS1 mutations only suggested a weak correlation (43) . Notably, each of these conclusions was drawn from a limited number of mutations, lacking statistical significance.
In this study, we report a systematic analysis of 138 AD-derived PS1 mutations, which include all reported amino acids that have been targeted for mutations in AD patients by January 2016. Each of the 138 PS1 mutations was recapitulated in an APH-1aL-containing γ-secretase variant, which was purified to homogeneity and analyzed for its ability to produce Aβ42 and Aβ40. These results reveal no statistically significant correlation between the combined production of Aβ42 and Aβ40 by a γ-secretase variant and the mean AAO for patients with the corresponding mutation, or between the Aβ42/Aβ40 ratio and the mean AAO.
Results
Preliminary Analysis of 10 PS1 Mutations. To examine the relationship between Aβ42/Aβ40 ratio and the mean AAO, we performed a pilot experiment on 10 representative PS1 mutations, which affect six residues on four transmembrane helices (TMs) and four amino acids from the inter-TM loops. Each of these PS1 variants was reconstituted into γ-secretase for overexpression, purification, and assessment of proteolytic activity using APP-C99 as the substrate (Fig. 1A) . APH-1aL, which is widely expressed in both neuronal and glia-enriched regions in the brain (44) , was used in all γ-secretase variants. To ensure detection sensitivity, we used a monoclonal antibody-based, fluorescence-detecting AlphaLISA assay.
The combined production of Aβ42 and Aβ40 was decreased for 7 of the 10 variants and increased for three: V272A, S365A, and L424V (Fig. 1B) . The variants S365A and L424V also increased production of Aβ40 compared with WT γ-secretase, whereas six variants, including S365A and L424V, increased Aβ42 production (Fig. 1C) . Eight of these 10 variants exhibit increased ratios of Aβ42 over Aβ40 compared with WT γ-secretase (Fig. 1D) . Among the other two variants, S365A displays the same Aβ42/Aβ40 ratio as WT γ-secretase, and A285V has a slightly lower ratio of 0.84 ± 0.08 (Table S1 ).
The combined production of Aβ42 and Aβ40 by these 10 γ-secretase variants was plotted against the mean AAOs that correspond to the PS1 mutations, revealing no obvious correlation (Fig. 1E) . For example, two variants with increased production are placed on two extreme ends of the AAO range, with L424V and S365A corresponding to AAOs of 26 and 62.5 y, respectively (45, 46) . Next, the Aβ42/Aβ40 ratios were plotted against the mean AAOs, again revealing no obvious correlation (Fig. 1F) . The mutation L424V yields an Aβ42/Aβ40 ratio of 2.12 ± 0.22, whereas the mutation F105I from patients with an AAO of 55 y corresponds to a ratio of 9.13 ± 0.40 (47) .
Experimental Design and Selection of PS1 Mutations. Our preliminary analysis suggested a lack of correlation between the Aβ42/Aβ40 ratio for a specific γ-secretase variant and the mean AAO of the patients from whom the corresponding PS1 mutation was isolated. To reach a statistically significant conclusion, we must include a much larger set of AD-derived mutations in PS1. By January 2016, there had been 228 reported mutations in PS1 that were derived from AD patients (www.alzforum.org). These mutations affect 121 amino acids in PS1, among which 58 were each mutated to two or more types of amino acids (Fig.  S1A ). To ensure a comprehensive, unbiased analysis of PS1, we included at least one mutation for each disease-targeted amino acid. For 13 PS1 residues that are mutated to multiple types of amino acids, we chose two or three mutations for investigation (Fig. S1B ). Altogether, 138 distinct mutations were selected for in-depth analysis, covering all 121 AD-targeted residues in PS1. These 138 mutations include those that were subjected to preliminary analysis ( Fig. 1) .
These 138 PS1 variants were individually cloned and coexpressed with the other three components of γ-secretase in mammalian cells (48) . The 138 resulting γ-secretase variants, each containing a specific PS1 mutant and APH-1aL, were individually purified to homogeneity. All 138 variants were eluted from gel filtration with a nearly identical elution volume, suggesting that none of the AD-associated PS1 mutations disrupts the folding or overall structure of γ-secretase. Thus, these mutations likely affect the functional aspects of PS1 and γ-secretase.
Analysis by SDS/PAGE revealed five discrete bands for the WT γ-secretase (Fig. S2 , lane 1-9) and for the vast majority of the variants (Figs. S2 and S3A, lanes 1-1 through 16-9). These five bands correspond to NCT (120-150 kDa), the N-terminal fragment of PS1 (PS1-NTF, 34 kDa), APH-1aL (29 kDa), the C-terminal fragment of PS1 (PS1-CTF, 19 kDa), and PEN-2 (12 kDa). The apparent size of PEN-2 is larger than the predicted molecular weight, in part due to presence of the FLAG affinity tag. The endoproteolytic processing of PS1 is incomplete for some γ-secretase variants exemplified by G209V, L235R, and E280G (Fig. S2 , lanes 1-2, 1-5, and 1-6). Eight of these γ-secretase variants nearly abrogated endoproteolysis, as evidenced by the intact PS1 and missing NTF/CTF bands (Fig. S4A ).
Generation of Aβ42 and Aβ40 by 138 γ-Secretase Variants. The 138 γ-secretase variants were individually examined for their abilities to cleave APP-C99 into Aβ42 and Aβ40 using the AlphaLISA assay (Table S1 ). Compared with WT γ-secretase, only 10 variants increased production of Aβ40 (Fig. 2) . The largest increase of 82% for Aβ40 production comes from the variant L226F, which replaces Leu226 by Phe in TM5 of PS1. All 10 variants with increased Aβ40 production, hereafter referred to as TOP10, yielded higher amounts of Aβ42 and Aβ40 (Fig. 3A) . All 10 variants also enhanced production of Aβ42; except L282V and I439V, the extent of increased production for Aβ42 is greater than that for Aβ40 (Fig. 2) . These eight variants exhibit increased ratios of Aβ42 over Aβ40 (Fig. 3B) .
Compared with WT γ-secretase, 34 variants increased production of Aβ42 (Fig. 2) . All other 104 variants produced lower levels of both Aβ42 and Aβ40. Of these 104 variants, 67 exhibit a severely compromised ability to produce Aβ40, which is defined by loss of at least 95% activity compared with WT γ-secretase. By the same criteria, only 14 variants exhibit a severely compromised ability to produce Aβ42, and they represent a subset of the 67 variants with crippled Aβ40 generation (Fig. 2 ). These results demonstrate that the vast majority of AD-derived PS1 mutations negatively affect the cleavage activities of the resulting γ-secretase variants in vitro. In addition, a PS1 mutation is more likely to decrease the production of Aβ40 than Aβ42 or to increase the generation of Aβ42 than Aβ40. Either scenario would result in an increased ratio of Aβ42 over Aβ40.
Our conclusion is corroborated by analysis of the total cleavage activities toward Aβ42 and Aβ40 (Fig. 3A) . Because the molar quantity of Aβ40 generated by WT γ-secretase exceeds that of Aβ42 by ∼10-fold, the combined amount of Aβ42 and Aβ40 is dominated by Aβ40 production. Consequently, although 34 variants increased Aβ42 production, only 13 variants exhibit a higher level of combined Aβ42 and Aβ40 production compared with WT γ-secretase (Fig. 3A) . In addition to TOP10, these 13 variants include I143V, F177L, and V272A, each of which has a WT level of Aβ40 but markedly elevated Aβ42 production. Among these 13 variants, 6 have activities that are within 20% range of the WT value, and the most active variant, L226F, has an activity that is ∼98% higher than WT γ-secretase (Fig. 3A) . In sharp contrast, 101 variants each display a combined production of Aβ42 and Aβ40 that is less than 50% of that by WT γ-secretase. Of these 101 variants, 57 exhibit a severely compromised Fig. 2 . Effect of 138 AD-derived PS1 mutations on the abilities of the corresponding γ-secretase variants to generate Aβ42 and Aβ40. The amounts of Aβ42 and Aβ40 produced by WT γ-secretase are normalized. The relative amounts of Aβ42 and Aβ40 produced by these 138 γ-secretase variants are shown here. The vast majority of these variants exhibit reduced production of both Aβ42 and Aβ40. In particular, production of Aβ42 as well as Aβ40 was abrogated to background levels for 11 γ-secretase variants, including S178P, S212Y, Q223R, S230I, I238M, K239N, T245P, L271V, T274R, T291P, and E318G. Only 10 γ-secretase variants exhibit increased cleavage activities toward both Aβ42 and Aβ40 compared with WT γ-secretase.
ability, with about 42 variants abrogating generation of Aβ42 and Aβ40 altogether. The Aβ42/Aβ40 ratios of these 42 γ-secretase variants cannot be calculated because they only produce background levels of Aβ42 and Aβ40.
Our conclusion is also confirmed by quantification of the Aβ42/ Aβ40 molar ratios by the remaining 96 γ-secretase variants (Fig. 3B) . Only 13 variants exhibit decreased Aβ42/Aβ40 ratios. Among the 13 variants, 9 have Aβ42/Aβ40 ratios that are within 20% of the normalized WT value, and only 4 variants (D333G, T354I, N405S, and A409T) exhibit ratios that are significantly less than the WT value. The lowest Aβ42/Aβ40 ratio of 0.51 ± 0.03 is associated with the PS1 mutation T354I, and all four corresponding mutations in PS1 affect residues in the CTF. In contrast to the moderate reduction of Aβ42/Aβ40 ratios, 83 variants exhibit higher ratios, of which 64 are at least 100% higher and 31 are at least fourfold higher (Fig. 3B) . These 31 variants are hereafter referred to as RATIO31. The highest Aβ42/Aβ40 ratio of 171 ± 25 is associated with the PS1 mutation G384A.
Aβ42/Aβ40 Ratios in Liposome-and Cell-Based Assays. Our proteolytic cleavage assay was performed on each of the 138 γ-secretase variants in the presence of low amounts of phospholipids and 0.5% zwitterionic detergent CHAPSO. Such mild conditions are expected to maintain the structural integrity as well as biochemical property for most membrane proteins and enzymes. Nevertheless, to rule out the possibility of potentially disruptive effects from the detergents, we performed the cleavage assays in liposomes and in cells. Liposomes were prepared using polar lipid extracts from pig brain, and both WT γ-secretase and 11 variants were individually reconstituted into these liposomes in the presence of the substrate APP-C99 (Fig. 4A ). These liposomes, both before and after γ-secretase reconstitution, remained intact as revealed by electron microscopy (Fig. S5) .
Following overnight incubation of these proteoliposomes at 37°C, the cleavage products were analyzed by the AlphaLISA assay (Fig. 4A) . Compared with the normalized value of WT γ-secretase, the overall results for the 11 variants are quite similar to those obtained using the detergent CHAPSO micelles (Fig. 4B) . The ratios of Aβ42/Aβ40 are similar (within 30% difference of each other) between detergent micelle-and liposome-based assays for eight variants, F105I, A246E, L248R, V272A, A285V, S365A, L381V, and L424V. The other three variants exhibit some differences between the two assay conditions, but the trend of the Aβ42/Aβ40 ratios remains the same between the two assay conditions. For example, compared with WT γ-secretase, the variant I229F has a higher Aβ42/Aβ40 ratio under both assay conditions, although the value measured in the liposome-based assay is ∼30% higher than that in detergent micelle (Fig. 4B) .
Next, we examined whether similar Aβ42/Aβ40 ratios would be maintained in cell-based assays. Pilot experiments using the mouse neuronal N2a cells revealed significant background cleavage from endogenous γ-secretase. To eliminate the background, we successfully applied the CRISPR/Cas9 technology to knock out the PSEN1 genes in N2a cells (Fig. 4C and Fig. S6) . Each of the 11 PS1 variants and the APP-C99 substrate were coexpressed in the PSEN1 −/− N2a cells, and the production of Aβ42 and Aβ40 was monitored by the AlphaLISA assay. Compared with WT γ-secretase, the cell-based results are generally comparable to those under detergent micelles (Fig. 4D) . The ratios of Aβ42/Aβ40 are similar (within 30% difference of each other) between detergent micelle-and cell-based assays for six variants F105I, A246E, L248R, P264L, L381V, and L424V. The other five variants exhibit some differences between the two assay conditions, but the trend remains the same for two variants. Compared with WT γ-secretase, the variants I229F and V272A each has a higher Aβ42/Aβ40 ratio under both assay conditions, although in each case the value measured in the cell-based assay is more than 30% higher than that in detergent micelle (Fig. 4D) . Of the remaining three variants, S365A has a WT-level Aβ42/Aβ40 ratio in detergent micelle and a 35% higher ratio in the cell-based assay.
These results demonstrate that the Aβ42/Aβ40 ratios derived from liposome-and cell-based assays are qualitatively similar to those obtained under detergent micelles. Notably, none of these three conditions would faithfully recapitulate the cleavage environment in patient brain. Both liposome-and cell-based assays may suffer from poor reproducibility and uncertainties associated with lipid composition and/or cell growth status. For convenience and reproducibility, we had chosen the detergent micelle-based assay to assess WT γ-secretase and the 138 variants.
Lack of Correlation Between Aβ42/Aβ40 Ratios and AAOs. We plotted the observed ratios of Aβ42 over Aβ40 for the 138 γ-secretase variants against the mean AAOs for patients from whom these PS1 mutations were derived (Fig. 5A) . Strikingly, there is no obvious correlation between the Aβ42/Aβ40 ratios and the AAOs. A forced fit of these data points into a straight line produced a correlation coefficient of 0.038 and a P value of 0.06, which are statistically insignificant (Fig. S7A) . The PS1 mutation L166P corresponds to a very low AAO of 24 y (49), and the corresponding γ-secretase variant exhibits a relatively low Aβ42/Aβ40 ratio of 2.71 ± 0.37. In contrast, the mutation E273A was derived from patients with a mean AAO of 63 y (50), and the corresponding γ-secretase variant has an Aβ42/Aβ40 ratio of 2.55 ± 0.20, similar to that for L166P. The mutation G384A, corresponding to a mean AAO of 39 y (51), has the highest Aβ42/Aβ40 ratio of 171 ± 25 (Fig. 5A) . The cleavage activities of these 138 variants, as reflected by combined production of Aβ42 and Aβ40, also display no correlation with the mean AAOs (Fig. 5B ). Because these 138 variants exhibit vastly different enzymatic activities, we wondered whether select subsets of these variants might exhibit meaningful correlation between Aβ42/Aβ40 ratios and mean AAOs. We plotted Aβ42/Aβ40 ratios and mean AAOs for the TOP10 variants, which exhibit increased production for both Aβ42 and Aβ40. The scattered distribution of this plot reveals no statistically significant correlation (Fig. S7B) . A similar conclusion was reached for the RATIO31 variants, which exhibit the 31 highest Aβ42/Aβ40 ratios among all variants (Fig. S7C) . Previous studies suggested potential correlations between AAO and the Aβ42/Aβ40 ratio on the basis of a small subset of FAD-derived mutations (41) (42) (43) . We examined the same mutations and obtained similar results despite subtle shift of exact numbers (Fig. S8) . Obviously, these correlations lack statistical significance.
Our systematic analyses of nearly all reported missense mutations from PS1 using the in vitro assay shows no statistically significant correlation between AAOs and Aβ42/Aβ40 ratios. Because these 138 mutations include all AD-targeted residues in PS1, the statistical power embedded in our brute force approach cannot be understated. In fact, conclusions derived from a subset of the data are often erroneous. For example, a subset of nine PS1 mutations give a perfect correlation (R 2 = 0.99, P value < 0.001) for the conclusion that higher ratios of Aβ42/Aβ40 correspond to lower AAOs, which is consistent with the amyloid hypothesis (Fig. 5C) . Unfortunately, a subset of another nine PS1 mutations also yields an excellent correlation (R 2 = 0.92, P value < 0.001) for the opposite conclusion that higher ratios of Aβ42/Aβ40 correspond to higher AAOs (Fig. 5D) .
Effect of Random PS1 Mutations on Aβ42/Aβ40 Ratios. Why do most FAD-derived PS1 mutations result in increased Aβ42/Aβ40 ratios by the corresponding γ-secretase variants? Results of the in vitro cleavage assays strongly suggest that γ-secretase may have evolved to optimize the Aβ42/Aβ40 ratio to a low value; namely, any PS1 mutation is likely to reduce Aβ40 production more than Aβ42 or to increase Aβ42 production more than Aβ40. If this assumption were true, random mutations of PS1 would be expected to mostly lead to increased Aβ42/Aβ40 ratios. To examine this assumption, we randomly chose 13 amino acids for missense mutation. These 13 residues are located in eight TMs of PS1 (Fig. 6A) ; the vast majority of these 13 mutations involve replacement of conserved amino acids such as L150V and L182V. The 13 corresponding γ-secretase variants were individually purified to homogeneity (Fig. S3B) and subjected to the detergent micelle-based, APP-C99 cleavage assays.
Strikingly, none of these 13 variants produced more Aβ40 or Aβ42 than WT γ-secretase (Fig. 6B) . Six variants (P88S, V97F, L182V, S230A, L443V, and Y446H) nearly abrogated production of Aβ40 and diminished generation of Aβ42. Consequently, these six variants exhibit a severely compromised ability to generate the Aβ peptides (Fig. 6C) . The Aβ40 production by three variants (P88S, V97F, and Y446H) is at the background level and thus disallows calculation of the Aβ42/Aβ40 ratios. In complete agreement with our assumption, the extent of reduction for Aβ40 is considerably more than that for Aβ42 for most of the 13 variants. Seven variants exhibit increased ratios of Aβ42/Aβ40 compared with WT γ-secretase, and three variants have a ratio that is similar to that by WT γ-secretase (Fig. 6D) .
The patterns of Aβ42/Aβ40 production by these 13 randomly generated mutations in PS1 are reminiscent of those by 138 FADderived mutations. In both cases, the vast majority of the γ-secretase variants exhibit reduced production of Aβ42 and Aβ40 and increased ratios of Aβ42/Aβ40. A sizable fraction of the variants generate background levels of Aβ42 and/or Aβ40, disallowing calculation of Aβ ratios.
Discussion
Mutations in APP, PS1, and PS2 have been unequivocally linked to the development of AD, and most AD-derived mutations in PS1 result in increased ratios of Aβ42/Aβ40. Although the amyloid hypothesis is yet to be proved, it is supported by these observations and by the finding that oligomeric Aβ peptides induced synapse engulfment by microglia (52) . A human monoclonal antibody, aducanumab, was shown to selectively target aggregated Aβ and reduce the amyloid plaque in patients with prodromal or mild AD. A dose-dependent slowing of clinical progression was observed in the phase 1b trial and awaits further confirmation by the ongoing phase 3 trials (53) .
Notably, nearly 90% of FAD mutations occur in presenilin, but no mutations have been identified in the other three subunits of γ-secretase. Through knock-in studies, presenilin is shown to play an important role in synaptic plasticity (54) (55) (56) (57) . Such observations support the presenilin hypothesis, where presenilin mutations are considered to be closely associated with neurodegeneration by impairing the γ-secretase-dependent and -independent PS functions. PS1 may function, either alone or in complex with other proteins, as an ion channel to regulate calcium flux (58) (59) (60) (61) . Examination of FAD-derived mutations in PS1 identified two mutational hotspots, each located in the center of a four-TM bundle (62) . Whether this observation is linked to the function of PS1 awaits further investigation.
The mean AAO is an indicator of disease severity and progression, with a lower AAO suggestive of a more deleterious mutation in PS1 and thus more debilitating disease. If increased ratios of longer Aβ peptides over shorter ones is a key early event in AD development, then one might be able to find a statistically significant correlation between such ratios and AAO. This study is aimed at investigating the effect of PS1 mutations on γ-secretase activity and examining a potential correlation between the Aβ42/ Aβ40 ratio and disease progression as represented by AAO. To rule out bias from subsets of PS1 mutations, we collected a large number of reported PS1 mutations and individually generated the corresponding γ-secretase variants. Except 13 mutations, all others led to decreased production of Aβ42 and Aβ40 compared with WT γ-secretase. The vast majority of PS1 mutations lead to increased ratios of Aβ42/Aβ40. The Aβ42/Aβ40 ratios by these γ-secretase variants, each containing a specific PS1 mutation and APH-1aL, show no statistically significant correlation with the mean AAOs for the corresponding mutations. In this study, APH-1aL was used to reconstitute γ-secretase, and consequently, the general conclusions reported in our study are restricted to APH-1aL-containing γ-secretase. To examine the validity of such conclusions under other settings, we generated 10 γ-secretase variants, each reconstituted with APH-1b and a specific PS1 mutation, and individually examined their abilities to produce Aβ42 and Aβ40. The combined production of Aβ42 and Aβ40 by these APH-1b-containing γ-secretase variants displays a similar trend to that by the APH-1aL-containing γ-secretase (Fig.  S9A) . No significant correlation was found between the combined production of Aβ42 and Aβ40 and the AAO (Fig. S9B) . Except one PS1 mutation (F105I), the APH-1b-containing γ-secretases generally exhibit higher Aβ42/Aβ40 ratios than APH-1aL-containing γ-secretases (Fig. S9C) . The trend of Aβ42/Aβ40 ratio changes is quite similar for these two classes of γ-secretases, suggesting general applicability of such preliminary conclusion. No significant correlation between the Aβ42/Aβ40 ratios and AAOs is observed (Fig. S9D) .
We acknowledge the caveat that our experimental conditions, where homogeneous γ-secretase is used in an artificial in vitro setting, are quite different from the complex circumstances in patient brain, where PSEN1 is heterozygous and potential dominant negative effect may be at work (39) . Another complicating factor is the in vivo existence of six distinct γ-secretase complexes formed by different forms of presenilin (PS1 and PS2) and APH-1 (APH-1aL, APH-1aS, and APH-1b), which are localized to different regions of the brain (44, 63) . Different Aβ profiles can be generated by the distinct γ-secretase complexes (64) . FAD mutations in PS1 may shift its localization and increase the intracellular longer Aβ peptides (65) .
In addition, the cleavage of APP-C99 by γ-secretase involves an endopeptidase activity, which generates Aβ48 or Aβ49, and a subsequent carboxypeptidase activity, which produces Aβ45/Aβ42 from Aβ48 and Aβ46/Aβ43/Aβ40 from Aβ49. In our study, we only assessed the production of Aβ42 and Aβ40, which is presumably affected by both endopeptidase and carboxypeptidase activities. Our study does not differentiate between these two activities, but it has been shown that some PS1 mutations have differential effects on these two activities. Some mutations had little effect on the endopeptidase activity but exhibited altered carboxypeptidase activity (66) . Five AD-derived PS1 mutations led to elevated Aβ42/Aβ40 ratios using synthetic, longer Aβ peptides, reflecting altered carboxypeptidase activity of γ-secretase (67).
Although our data appear to contradict the amyloid hypothesis, the caveats listed above preclude a definitive conclusion. Notably, we cannot rule out the possibility that AD occurs through several different mechanisms and the amyloid hypothesis may constitute one of these mechanisms. Similarly, the presenilin hypothesis may account for other mechanism(s). In fact, AD, characterized by a pattern of cognitive and functional decline, is a very complex disease, with Aβ accumulating years ahead of any detectable symptom yet triggering a series of cellular and physiological responses. Thus, it is possible that there is no simple or single cause for this complex disease. Regardless of these different scenarios, our results involving characterization of 138 PS1 mutations represent a valuable resource for future investigation of γ-secretase and AD development.
Materials and Methods
Protein Preparation. Generation of all FAD-derived PS1 mutants and expression and purification of the resulting γ-secretase variants were described as reported (48) . The purified γ-secretase was applied to Superose-6 column (GE Healthcare) in 0.1% digitonin and Hepes buffer. The peak fractions were concentrated for activity assays.
Detergent-Based Activity Assays. Purified 4 μg WT or mutant γ-secretase was mixed with 4 μg APP-C99 substrate in 0.5% CHAPSO, 50 mM Hepes, pH 7.0, 0.1% phosphatidylcholine, and 0.025% phosphatidylethanolamine and incubated in 37°C for 16 h. Detection of Aβ production by the AlphaLISA assay was performed as described (68) .
Liposome-Based Activity Assay. Porcine brain polar lipid extract (Avanti) was dried by nitrogen gas after being dissolved in a mixture of chloroform and methanol (3:1 vol/vol) to 50 mg·mL −1 and then resuspended to 20 mg·mL −1 in 25 mM Hepes, pH 7.4, 150 mM NaCl. The lipids were frozen in liquid nitrogen and thawed at room temperature gently for eight cycles followed by extrusion through 0.4 μm filter to yield liposomes. CHAPSO was added to a final concentration at 1% (wt/vol) at 4°C for 30 min. Purified γ-secretase and APP-C99 were added to the lipids and incubated at 4°C for 30 min. Detergents were removed by two-step incubation with 400 mg·mL −1 Bio-Beads SM2 (Bio-Rad)
after which the proteoliposomes were frozen and thawed for five cycles. The proteoliposomes were applied to centrifugation at 100,000 × g for 40 min at 4°C and washed twice by ice-cold lysis buffer to remove free γ-secretase and substrate. The proteoliposomes were resuspended in lysis buffer to 20 mg·mL
. Integrity of the proteoliposomes was checked by negative staining electron microscopy. The proteoliposomes were incubated at 37°C for 16 h followed by detection of Aβ40 and Aβ42 using the AlphaLISA assay.
Generation of PSEN1 Knockout Cell Line. The adherent N2a cell line was passaged and maintained in DMEM (Life Technologies) supplemented with 10% (vol/vol) FBS and MEM NEAA (GIBCO) at 37°C under 5% (vol/vol) CO 2 and 75% relative humidity. SgRNAs targeting mouse PSEN1 gene were designed in silico on a website (crispr.mit.edu), and several candidates were chosen. For generation of the complete knockout cell line, the annealing product of two sgRNAcontaining primers (forward: 5′-caccgGCCATGCGGTCCATTCGGGG-3′; reverse: 5′-aaacCCCCGAATGGACCGCATGGCc-3′) was inserted into pSpCas9 vector digested with BbsI. Then, 0.5 μg plasmids were transiently transfected using neofect into ∼70% confluent cells in a 24-well plate. Twenty-four h after transfection, puromycin was added to a final concentration of 2 μg·mL −1 for selection. Finite serial dilution method was used to separate a single cell colony in 96-well plate. The cells alive were harvested, and their genome was extracted using tissue gDNA kit (Biomiga). The knockout efficiency was examined using a PCR-based method.
Cell-Based Activity Assay. Using 0.5 μg neofect with 15-min incubation, 0.25 μg plasmid with a FAD-derived PS1 mutant and 0.25 μg plasmid containing the substrate APP-C99 were premixed and transfected into ∼70% confluent cells in a 24-well plate. Transfected cells were cultured for 60 h. Then the cell medium was harvested, and 2 μL was detected by the AlphaLISA assay as described above.
